Abstract-The automotive industry has been under continued pressure to improve fuel efficiency because of air pollution, global warming, and rising gasoline prices. One technology to address this need is electronic valve timing. It promises to achieve fuel savings of 10%-15% by reducing pumping losses, introducing cylinder deactivation, and enabling new combustion strategies, like homogeneous charge compression ignition. To date, valve actuators for this application primarily rely on resonant spring arrangements to achieve the necessary dynamics. This leads to a fixed amplitude of the valve trajectory and only allows for variable valve timing. In this paper, a fully flexible valve actuation system for intake valves is introduced that provides variable lift in addition to variable timing, without reducing valve dynamics or energy efficiency. Optimization procedures for the mechanical system, the servo motor selection, and the valve trajectory are presented. The combined effect of these optimizations leads to valve accelerations that are an order of magnitude higher than conventional electric servo systems. Simulations and an experimental test bed are used to validate the system performance. A comparison with other electronic valve actuation systems confirms the excellent performance of this approach.
I. INTRODUCTION

M
ANY COUNTRIES have put regulations on vehicles' fuel consumption and emissions in place. These measures were introduced to combat greenhouse gas emissions and scarcity of fossil fuels. With more stringent regulations expected, new engine technologies are required. Camless, fully flexible valve actuation (FFVA) is one key technology to reduce fuel consumption by 10%-15% [1] . However, to date, no design has been able to meet the stringent performance and reliability criteria required in mass-produced automotive engines.
The FFVA system proposed in this paper is essentially a highly optimized servo system. Its mechanical complexity is quite low, which promises good reliability and low fabrication costs. A standard linear trajectory controller is used to regulate the valve motion. This results in a reliable control system with low computational effort. The system compares well with other electronic valve actuation systems in terms of electrical energy consumption, acoustic emissions, and valve dynamics. This paper is organized as follows. In Section II, a general background of combustion engines and camless valve actuation is presented. Important electronic valve timing systems found in the literature are also discussed. In Sections III and IV, the FFVA system and its optimization procedure are described. Section V introduces the control strategy for the FFVA system. In Section VI, we describe the FFVA experimental test bed. Section VII shows simulation results for the experimental test bed. In Section VIII, experimental results of the test bed are compared with simulations and other actuation systems found in the literature.
II. BACKGROUND
Most of today's internal combustion (IC) engines use mechanical valve trains to control the intake and exhaust valves. This type of valve actuation has been proven dependable. However, the lack of flexibility to vary phase, duration, and lift of intake valves leads to significantly lower fuel efficiency. One way to improve fuel economy of IC engines is to run with wide open throttle at all speeds and torque conditions, and to control the cylinder air flow by optimizing the motion of the intake valves with a camless system [1] . However, camless systems replacing current mechanical valve trains must have some of the same features as the valve trains they replace, while allowing for the additional flexibility in valve motion.
First, a camless system must allow for fast valve transitions, where the transition time refers to the time required to either open or close a valve. This time is usually measured from 5% to 95% of the valve lift [2] . At an engine speed of 6000 r/min, the nominal cycle time for a conventional four-stroke engine is 20 ms/cycle, and the valve should be open for about one third of the cycle. Thus, the transition time at 6000 r/min engine speed needs to be about 3.5 ms.
The second constraint is the valve seating velocity, which is the valve speed when the valve hits the cylinder head after the valve closing transition. In a typical IC engine, the seating velocity is less than 0.3 m/s [3] at high speed and less than 0.05 m/s [4] at idle. Higher valve seating velocities lead to excessive noise and potentially damage the engine. Thus, "soft landing" is an essential requirement for any valve actuation system.
The third consideration is energy loss for each transition. In a typical 2.0-L, 16-valve four-stroke IC engine, the energy losses attributed to a single intake valve is between 2.1 and 3.35 J/cycle [5] . At fully open throttle, exhaust valves require an additional 0.8 J/cycle due to combustion forces [6] . Every cycle contains an opening transition, a closing transition, and holding phases between the transitions. Assuming that the holding phases require minimal energy, the intake valve transitions require between 1.05 and 1.68 J/transition. These three constraints are the main indicators of the system performance. In addition, there are constraints, such as engine temperature, applied voltage, and system size. The typical engine temperature varies between 80 and 140
• C [7] , which limits the selection of permanent magnets that can be used in the actuation devices. In terms of supply voltage, there are currently three automotive voltage standards [8] : 12 V for most cars, 24 V for trucks, and 42 V as a future standard for cars and trucks. Any system should be at least compatible with 42-V supply voltage, and that is how, most electronic valve actuation systems are designed today. Finally, the actuation system needs to be highly accurate. The valve-transition events should be repeatable within 1
• of crank angle. At 6000 r/min, this corresponds to approximately 28 μs.
Much effort has been spent on developing actuation systems that meet the aforementioned constraints. Some of the more popular systems are introduced in the following paragraphs.
Electrohydraulic systems often use piezoactuated valves to control the hydraulic fluid flow that is used to displace the valve [9] , [10] . Unfortunately, hydraulic systems suffer from viscosity changes across the required temperature range, since engine oil is typically used as the hydraulic liquid. Thus, the performance deteriorates at low temperatures. In addition, it is very difficult to achieve good energy efficiency with hydraulic systems, since there is no simple way to recover the kinetic energy of the valves when they are slowed down. Finally, hydraulic systems are costly in terms of initial investment as well as maintenance. Despite of these problems, hydraulic systems are probably the most widely used FFVA system in engines laboratories.
Most electromagnetic systems shown in the literature use a spring system to accelerate and decelerate the valve. Solenoids or motors are used to hold the valves in the end positions and to compensate for friction losses, as well as combustion forces.
Solenoid-controlled systems are referred to as electromechanical camless valve trains (EMCVs) in this paper. In EMCVs [3] , [11] [see Fig. 1(a) ], the valve is held in the middle position by a spring system. Two coils are energized alternately to attract an armature mounted on the valve into either the open or the closed position. A nonlinear relationship between force, position, and current occurs when the armature approaches either end. This makes it very difficult to regulate the seating velocity. However, great advances have been made in modeling [12] - [14] and controlling [2] , [4] , [15] - [24] this device in recent years. Nevertheless, reliable control of the seating velocity in the presence of temperature changes and valve wear is still challenging.
Brushless dc (BLDC) motors, rather than solenoids, have also been proposed to control spring-driven valves [see Fig. 1(b) ]. These systems are called electromechanical valve drives (EMVDs) in this paper. A number of different configurations exist for this design [5] , [25] , [26] that use springs to accelerate and decelerate the valve and a motor-driven pivoting cam to provide timing. Note that the cam has a constant radius at either end of the valve motion. As a result, the motor can keep the valve at either end using zero torque. The disadvantage of this system is its relatively high mechanical complexity and the inability to adjust valve lift continuously. Nevertheless, the motor-controlled spring system demonstrates good performance on both transient time and seating velocity.
Since electromechanical systems provide better energy recovery potential than hydraulic systems, they will be used as benchmarks for the proposed FFVA system. It combines the advantages of the other two electromechanical systems and avoids some of their inherent problems. Like motor-controlled spring systems, FFVA uses a BLDC motor to drive the valve. This leads to a much simpler linear control system than for the solenoidcontrolled systems. In contrast to both the solenoid-controlled and the motor-controlled spring system, FFVA does not use springs; however, energy recovery is provided by the motor that is able to electrically feed back the breaking energy to storage capacitors. To date, this approach has been plagued with slow dynamic response and large power consumption [27] . Then, the aim of this paper is to provide an optimized mechanical design, a novel motor selection strategy, and efficient control strategy that lead to a competitive directly driven valve actuation system. In the following sections, the system structure, design procedure, and system performance are discussed in detail.
III. FULLY FLEXIBLE VALVE ACTUATION SYSTEM
The FFVA system shown in Fig. 2 is composed of three parts: the actuator, the valve controller, and the engine controller. The engine-control unit controls the engine operation and provides the required valve timing information to the valve-control unit. The engine-control unit is designed separately and is not the part of this discussion.
The valve-control unit receives the desired valve timing and valve lift from the engine-control units and uses this information together with measured valve position and motor current in order to regulate the amount of voltage applied to the actuator. The actuator consists of a BLDC, a valve, and a linkage structure connecting the two. Sensors provide valve position and motor current to the valve-control unit.
A rotary drive rather than a linear drive is used in order to allow for a lightweight transmission ratio between motor and valve. This is necessary in order to provide optimum matching of inertias between the motor and valve. Also, fitting enough air gap area (proportional to maximum torque) into the engine compartment is much easier for a rotary motor than a linear motor.
A. Comparison Between FFVA and EMCV
Before getting into modeling details of the actuator, it is instructive to discuss some of the reasons that lead to the FFVA's configuration.
One challenge for EMCV's arises from the severely nonlinear force to current relationship of solenoids at small air gaps. As a result, the valve controller rely on very accurate models of the solenoid [2] , [4] , [15] - [24] . In practice, adaptive or iterative control schemes that can compensate for variances in magnetic materials and changes in environmental temperature are often employed [2] , [18] , [24] . The computational complexity of these valve controllers for an EMCV is high. For FFVA, the actuator behaves linearly, and consequently, a simple linear control scheme that is robust toward environmental variations can be employed.
Another important challenge for EMCVs is valve lash. The valve stem and the armature stem are separate in order to allow for temperature changes of the valve. However, wear can decrease this gap by more than 100 μm over the life of the engine. As a result, early conventional engines needed to have the valve lash adjusted periodically. Unfortunately, for EMCVs, this approach would either require to completely take apart the actuator, or change the preload of the spring system. The first option is too expensive, and the second option potentially leads to inefficiencies, since the spring system does not stay centered. Newer conventional engines use hydraulic adjusters in order to cope with changing valve lash. For solenoid actuators, this would add mass to the valve system and no such system has been demonstrated in the literature. Finally, it is possible to manufacture the actuators with an initial large valve lash that will decrease over the life of the engine. A seating controller is then required to first seat the valve, and then, the armature. This solution is also unattractive, because the valve needs to be seated at large air gaps, where the solenoid is not very effective.
For FFVA, there is a direct coupling between the valve and the motor. Changes in valve length or wear can simply be compensated by adding an offset to the valve trajectory. Due to the linear behavior of the actuation system, no significant controller complexity is added and the energy efficiency stays the same. Given a good design of the linkage elements, the repeatability even in presence of wear and temperature changes should be excellent due to the simple linear control strategy in the FFVA system. As a result, temperature and wear compensation are probably some of the leading advantages of FFVA over EMCVs.
Another advantage of the FFVA system is its capability to provide variable valve lift. This feature can be used to improve the air fuel mixture in the combustion chamber at low to intermediate engine loads. Since reduced lifts also reduce the electrical power consumption, the overall efficiency of FFVA can be higher than the one for EMCVs at low engine speeds.
Unfortunately, there are also considerable disadvantages of FFVA compared to EMCVs. One of them is the lower power density of FFVA, which leads to challenges integrating FFVA into small passenger cars, and it potentially also raises the center of gravity of the vehicle. The lower power density of FFVA is attributed to the use of shear forces rather than normal forces.
Another disadvantage of the current FFVA system is that it can only be used for intake valves, since it lacks the power to compensate for combustion forces on the exhaust valves. However, many of the benefits of electronic valve actuation are derived from intake valves [1] .
A further point of interest for engine designers is the no power position of the actuation system. Ideally, the valves should be closed with enough force into the valve seat that would guarantee that the valve does not open, even when the engine turns over. For EMCVs, the no power position is at half open. In the FFVA design, the valve drops open due to gravity when the actuator fails. It is conceivable however to use the cogging torque of the actuator in order to prescribe preferred no power positions. Whether this cogging torque could ever be strong enough to hold a valve closed against the combustion forces is questionable though.
A further point of concern is reliability. The permanent magnets in the FFVA system need to be water or oil cooled in order to guarantee sufficient operating life in the under-the-hood environment. Also, the energy storage capacitors will need to be selected carefully for the large number of extreme charge and discharge cycles in the engine environment.
A final consideration for electronically driven valve systems is cost. Magnets, bearings, linkages, and large storage capacitors found in the FFVA system are all costly that are not encountered by EMCVs.
To summarize, FFVA provides a simpler control strategy that can better accommodate for valve wear and temperature changes. In addition, the variable valve lift can be used to improve the air fuel mixture. On the other hand, EMCVs provide better power density and lower cost than the FFVA.
B. Modeling the FFVA System
The following linearized lumped parameter model of the mechanical and the electrical subsystems are used to optimize the actuator and the control strategy.
In the mechanical model, the valve and motor rotations are coupled with an excenter arm of length r. It is assumed that the rotor motion is small, and thus, the valve acceleration a is linearly related to the rotor acceleration α a = αr.
(
The motor torque T is used to accelerate the rotor with inertia J m and the valve with a reflected inertia mr 2 , where m is the mass of the valve. Neglecting external disturbances such as gravity, friction, or dynamic gas forces from the engine, the following expression for motor torque is obtained:
The electromagnetic model of the actuator is approximated by an equivalent linear single-phase dc-motor model. This approach is followed, since most of the motor specifications are based on this model and we want to select an optimum motor from the manufacturer's motor data sheets.
The motor current I is defined by a first-order differential equation in terms of the applied voltage U , the back-EMF constant K T , the angular velocity ω, the winding resistance R c , and the winding inductance
The acceleration capability of the device is governed by the torque T , which is proportional to the current I
IV. OPTIMIZATION PROCEDURES
The FFVA system is a servo system that uses a lightweight mechanical linkage structure to transfer the motor motion to the valve motion. Typically, high-speed servo systems operate at accelerations less than 40 g. The application shown here requires acceleration in the order of 250 g. At the same time, energy consumption needs to be minimized in order to ensure that fuel consumption reductions gained through the introduction of variable valve control are not offset by the power consumption of the valve actuation system. To achieve these goals, the mechanical linkage, the electric motor, and the valve trajectories are optimized in the following sections.
A. Mechanical Optimization
In the FFVA system, the motor's rotation is converted to valve's vertical motion through an arm-like structure. The length of this excenter arm r plays an important role in the performance of the actuation system. This section outlines how the arm length can be optimized to provide maximum acceleration and minimum energy consumption.
The inertia of the load needs to be matched to the inertia of the motor in order to achieve maximum acceleration of the load [28] . For the FFVA system, this means that the excenter arm length is equal to the square root of the ratio of rotor inertia to valve mass
This equation neglects friction and dynamic gas forces of the engine. It also lumps the mass of the connecting rod to the mass of the valve and the inertia of the excenter arm to the inertia of the rotor. Appendices A and B show that this simple approach is admissible, since the inertia of a sufficiently strong linkage system is small compared to the inertias of motor and valve.
It turns out that the excenter arm length in (5) also minimizes energy consumption due to ohmic losses in the motor windings for a fixed-valve acceleration profile. The reason for this finding is outlined shortly. The power losses in the windings are found from
The energy loss over the valve travel time is found by integrating the power loss
Setting the derivative of this expression with respect to r to zero provides the optimal arm length for minimum ohmic losses as follows:
This is exactly the same expression as the arm length for maximum acceleration. Thus, for a desired acceleration profile a(t) matching the inertia of the load with the inertia of the motor will simultaneously provide maximum acceleration and minimum energy consumption.
B. Motor Selection
The mechanical optimization assumes that the motor rotation is small enough in order to ensure a linear relationship between valve and motor motion. Using this assumption, the identical (5) and (9) describe the optimal excenter arm length. We can now go backward and describe the minimum motor inertia required in order to achieve a rotor angle smaller than θ max , for a maximum valve motion s max and a valve mass m
Since minimizing the size of the motor reduces cost and facilitates packaging of the motor in the cylinder head, one would usually choose motors with inertias close to the linearity constraint in (10) .
In addition to the linearity requirement, we also require a motor with large acceleration capabilities. Substituting (5) into (2) provides the following equation for the maximum valve acceleration in terms of motor and valve parameters:
This expression indicates that maximum acceleration is achieved by minimizing the valve mass. It also shows that the ratio of maximum torque over square root of motor inertia should be maximized. This relationship is used to compare and select stock motors from their specification data sheet in terms of acceleration capability.
Finally, we also require minimal energy consumption. If the optimal arm length is substituted back into (7), the following equation for ohmic losses is obtained:
This equation indicates that there are three parts of the actuator that need to be optimized for minimum energy consumption, which are as follows. 1) Energy consumption is directly related to valve mass m. A lower mass valve will significantly decrease energy loss. 2) The energy cost term of the motor consists of three parameters. The motor inertia J m multiplied by the electrical resistance R c divided by the square of the motor torque constant K T . The energy cost term provides a convenient guideline to compare stock motors using their specification data sheet. However, it does not take inductance and voltage saturation into account. The following section on trajectories will provide a more comprehensive selection criterion.
3) The last term in (12) is the integral of the squared acceleration trajectory of the valve. The next section shows how to design energy optimal trajectories.
C. Valve Trajectories With Minimum Energy Consumption
The usual requirement for a valve trajectory is that the valve needs to travel the desired lift s max within a prescribed travel time t 4 . According to (12), the energy optimum trajectory must minimize the integral of the squared acceleration. The problem can be solved by calculus of variations, which leads to the following valve acceleration [29] :
where a max is the maximum acceleration required to achieve the desired valve lift and transition time with minimum energy consumption. The corresponding acceleration wave form for the test bed in this paper is shown as the plot of "t 1 = 0.0 ms" in Fig. 3 . The ohmic losses for this trajectory can be expressed as follows:
where s max is the maximum valve travel and t 2 = t 4 /2 is half the valve travel time.
In practice, the optimal trajectory suggested earlier is not feasible because it requires infinite jerk at the beginning and at the end of the valve travel. However, jerk is limited by the driving voltage
(15) Thus, a jerk-limited acceleration trajectory is proposed (see Fig. 3 , "t 1 = 0.4 ms"). This suboptimal acceleration profile has a triangular shape with maximum slopes (i.e., jerk values) at the start and at the end of the valve motion.
Given a time t 1 during which the initial maximum jerk j 1 is applied, the value of this maximum jerk is defined as follows:
The energy lost in the copper windings when using the suboptimal trajectory is given by
Note that the ratio of energies of the suboptimal to the optimal trajectory decreases for smaller t 1
We conclude that in addition to a low-energy cost term [see (12) ], the motor also requires a small inductance to achieve good energy efficiency. In order to predict the energy consumption of the actuator in the presence of inductance and limited supply voltage, we need to identify the minimum value for t 1 in (17). Equation (15) indicates that during the initial period where j = j 1 , the voltage must be continuously increasing, since the jerk is constant and both velocity and acceleration are increasing. Thereafter, the voltage decreases, since jerk is reversed. Thus, it is expected that the maximum voltage will take place at t = t 1 . Equating (15) and (16) The solution to this equation represents the minimum and maximum value for t 1 . The smaller of the two values is the minimum energy solution for the triangular trajectory constrained by the supply voltage U max . Fig. 3 compares the optimal voltage trajectory with t 1 = 0 ms to the suboptimal voltage trajectory that is constrained by 42 V at the end of the initial jerk phase. The suboptimal voltage trajectory is not symmetrical about the half way point, because of the generator voltage. Thus, the maximum voltage only takes place once during valve acceleration.
Substituting the solution of (19) into (17) provides a prediction of the minimum energy consumption for a motor that has a limited supply voltage and uses the suboptimal trajectories for a prescribed lift s max and a valve travel time of 2t 2 .
D. Optimization Algorithm
The previous sections derived the theoretical background for optimizing the FFVA system in terms of sufficient valve acceleration and minimum ohmic losses. These findings are now combined into a procedure to design the FFVA system.
The inertia matching in (5) and (9) simultaneously provides maximum valve acceleration as well as minimum ohmic losses. Using this finding, the following steps are followed to select an optimum motor.
Step 1: Starting with a valve of mass m and a desired maximum lift s max (10) provides the minimum motor inertia required to ensure a linear relationship between motor rotation and valve motion. This allows an initial selection of motor candidates.
Step 2: Using (11), the acceleration capabilities of candidate motors are predicted. Any motor not capable of providing the desired valve acceleration is discarded.
Step 3: The final motor selection is based on the predicted energy consumption obtained by substituting the solution of (19) into (17).
V. CONTROL SYSTEM
The main function of the control system for the FFVA is to move the valve from the closed to the opened position (and vice versa) while avoiding noise, which is caused by nonzero seating velocities. This is achieved using a cascaded tracking controller with current feedforward. A simplified block diagram of this system is shown in Fig. 4 .
The controller has three main functions. A trajectory generator provides the triangular valve trajectories discussed in the previous section. A cascaded proportional integral (PI) and proportional derivative (PD) controller with current feedforward performs tracking control along the reference trajectory. A sensor system provides measurements of position, velocity, and current to the control loops. This is a standard servo control system. An off-the-shelf threephase inverter performs commutation and current control using a PI control loop. An external DSP generates the trajectory and performs PD position as well as torque feedforward control. The corresponding PD control law is given by
The bandwidth of the position control loop is set to ω p and must capture most of the frequency components of the reference trajectory. In our application, a position bandwidth of 250 Hz is sufficient.
The PI controller regulates current or torque at a considerably higher bandwidth than the position controller. Ignoring the back EMF, the control law to achieve a current-loop bandwidth of ω i can be derived as follows:
where
VI. EXPERIMENTAL TEST BED
The previous sections outlined how to optimize the FFVA system. This section applies these findings to the design of an experimental test bed that drives a single valve of a Honda cylinder head (see Fig. 5 ). The first part of this section describes the overall implementation of the experimental system. The second part describes the selection of a suitable motor.
A. Test Bed Description
A block diagram of the FFVA system is shown in Fig. 4 . It contains a dSpace1103 control board that creates trajectories and performs position control. For position measurements, a QR12 20000 line encoder (Quantum Devices, Inc., Barneveld, WI) is used. The control board performs its tasks at 40 kHz in order to match the pulsewidth modulation (PWM) frequency of the subsequent three-phase SWM inverter (Maccon GmbH, Munich, Germany). The inverter performs current control and commutation using high-speed PWM-controlled power MOSFETs that can regulate up to 100 A per phase. The inverter internally uses current transducers from LEM to feed the current controllers. In addition, three external LEM HTP100-P current probes are employed to measure and display currents with the dSpace system. The inverter drives a QB02302 motor (Emoteq, Inc., Tulsa, OK) that is mounted to a small cylinder head from Honda. The lightweight excenter arm is fabricated in aluminum and has a length of 23 mm in order to match valve mass to the inertia of the motor. The excenter arm and the valve are joined using a connecting rod made from 2-mm piano wire. Table I lists the parameters of the FFVA system.
B. Motor Selection
The motor plays an important role in the performance of the FFVA system. Three motors are compared for the experimental system with a valve mass of 39 g and a maximum valve travel of 8 mm. In order to ensure linearity between valve and motor motion, the motor rotation is constraint to less than 20 o . Using (10) , this leads to a minimum motor inertia of 1.9e-5 kg·m 2 . This value is used to select the three candidate motors in Table II . The performance of the three motors is compared in terms of acceleration capability and projected energy losses. The maximum acceleration in Table II is found from (11). The energy consumption for the suboptimal trajectory with a supply voltage of 42 V, a valve lift of 8 mm, and a desired valve transition time of 3.4 ms is determined using (17) . This corresponds to the engine operating at full load and 6000 r/min.
The QB02302 series motor outperforms the other candidates in terms of energy consumption and acceleration. The QB2301 is only half the size of the QB2302 motor and it performs similarly to the QB2302 motor. However, its inertia is slightly low and its peak torque would be reached at full load and 6000 r/min. To ensure reliable operation, the larger QB2302 motor is selected for the experimental test bed. In an actual engine, one would likely build a specialty motor that optimizes size and performance.
VII. SIMULATION
Before building the experimental setup, the FFVA performance is simulated in Simulink. Lumped parameter models of the mechanical, electrical, and magnetic components are included in this simulation. The following three indexes are used to quantify the FFVA performance.
1) Transition time:
The time it takes for the valve to move from 5% of the maximum lift to 95% of the maximum lift. 2) Energy loss: The ohmic loss per transition per valve. 3) Valve seating velocity: The velocity of the valve when it contacts the valve seats. The biggest source of error is likely due to the simplified model of the linkage and the valve. The simulations assume a rigid link, but in reality, it is expected that there are mechanical vibrations induced in the flexible coupling. Thus, it is expected that valve seating velocities will not be predicted well. However, transition time and energy consumption will be modeled fairly accurately. A number of different operating conditions are simulated to demonstrate the flexibility and performance of the FFVA system. Fig. 6 shows simulated valve lift curves and the corresponding energy consumptions.
The first line shows a typical 8-mm valve lift curve for a transition time of 3.4 ms at 6000 r/min. Here, t 1 was minimized according to (19) in order to provide maximum efficiency. This trajectory requires 1.21 J/transition, which is close to the theoretical value of 0.17 J/transition predicted by (17) in Table II . This value also corresponds to a medium-efficiency mechanical valve train. The third line shows an 8-mm lift curve for 3000 r/min. Since the transition time was increased to 6.8 ms, the energy consumption has dropped to 0.13 J/transition. This shows the dramatic effect of transition time on energy consumption.
VIII. EXPERIMENTAL RESULTS
In the experiments, the valve opens 8 mm in approximately 3.4 ms (from 5% to 95% of the lift), which corresponds to a typical valve motion at 6000 r/min engine speed. The trajectory is slightly different to the corresponding plot in Fig. 6 . In order to stay clear of the voltage saturation point, the initial jerk j 1 was reduced, which in turn slightly lowers the efficiency. Fig. 7 shows position, velocity, and acceleration of the valveopening process, where simulation data are also plotted for comparison purposes. Tracking performance is quite good. However, due to the flexibility in the linkage between valve and motor, mechanical vibrations are induced. This cause was determined by comparing the operation to a setup with an equivalent inertia mounted rigidly to the motor. With the rigid inertia, no noticeable vibration was observed. We conclude that the rather rudimentary linkage implementation shown in Appendices A and B needs to be redesigned to provide less flexibility in future setups. Since the simulation does not contain a flexible linkage, no vibrations are observed in the simulation data.
The velocity plot shows that the mechanical vibrations due to the flexible link are primarily excited during the high-jerk periods at the beginning and at the end of the motion. Consequently, the seating velocity of 0.25 m/s at the end of the valve travel is high, but acceptable for an engine running at 6000 r/min and full valve lift. Lower seating velocities are expected, when transition time or lift are reduced for lower engine speeds and loads. This is a fundamental difference to EMCV or EMVD, where the seating velocity is independent of transition time.
Experimental and simulated plots of current and energy loss are shown in Fig. 8 . Again, the differences between simulation and experiment are attributed to the flexible linkage system. Current levels and shape are similar, but due to mechanical oscillations, higher energy consumption is observed in the experiment.
It is interesting to note that at 100 A and 42 V, the motor can draw up to 4.2 kW. Nevertheless, the ohmic losses of 1.54 J/transition for this actuator are in line with comparable solenoid actuators and the average power consumption at 6000 r/min is 154 W. Since the rated power for this motor at room temperature is 40 W, the motor must be water or oil cooled when operated at 6000 r/min and full valve travel. It should be pointed out that this is not a typical operation point for normal driving cycles. At lower engine speeds, the power consumption will reduce dramatically, even more than for EMCVs, because not only are the number of valve transitions reduced, but the valve transition time can be reduced as well with FFVA. Finally, it needs to be pointed out that it will not be possible to equip exhaust valves with the current motor, because there is not enough torque available to compensate for combustion forces. Table III compares the performance of FFVA with EMVDs and EMCVs at 6000 r/min. Unfortunately, the authors could only find an old reference for energy consumption of EMCVs. For a similar transition time and lift, the FFVA system shows adequate seating velocities and comparable energy consumption. However, the FFVA system provides not only variable valve timing, but also variable lift. This additional flexibility leads to significant operating advantages for the combustion engine.
IX. CONCLUSION
This paper has introduced a simple electronic fully flexible intake valve actuation system that is based on a servomotor and a lightweight linkage between valve and servo. The advantage of this system is its flexibility and its simple control. Especially, in the presence of valve wear and temperature changes, this design should show advantages over customary solenoid-based systems, since the linear control system can be adapted to these changes more easily. The second advantage of this design is its ability to provide any size valve lift. This can be used to improve the air fuel mixture at low to intermediate engine loads. These advantages are offset by low power density and cost of the current actuator that employs an off-the-shelf actuator.
Optimization strategies for the mechanical layout, motor selection, and trajectory generation have been presented in order to provide short valve travel times and low electric power consumption. The optimization strategies have been applied to an experimental test bed that performs well compared to other electronic valve actuation systems shown in literature. The performance of the new valve actuation system is predicted analytically, simulated using Simulink, and validated with actual hardware. The results of this study show that this actuation system works well for controlling the valves of an IC engine. It should be pointed out that the optimization strategies presented are also applicable to other semiperiodic motion applications, such as digital printing presses, where high accelerations and large displacements are required to focus on the surface of fastrotating printing drums. The next step in this research requires redesigning the linkage in order to reduce resonance vibrations and testing the actuation system on an actual combustion engine. This will provide more insight into the disturbance forces that take place during engine operation. In the long run, smaller specialty motors need to be designed. These would likely be limited-motion single-phase motors that require four instead of six power transistors in the drive circuit.
APPENDIX A EXCENTER ARM DESIGN
The excenter arm shown in Fig. 9 is a tapered beam manufactured from 6061 T6 aluminum. The inertia about the rotor axis is 1.7e-6 kg·m 2 . Since the inertia of the rotor is 23e-6 kg·m 2 , the inertia of the excenter arm can be lumped to the rotor. Any small change of the length of the excenter arm due to the optimization procedure will not significantly change the overall inertia.
A finite-element study of this arm indicates that the 80-N force due to accelerating 40-g valve with 2000 m/s 2 leads to a maximum stress of 10 MPa. This corresponds to a safety factor of 30.
APPENDIX B CONNECTING ROD DESIGN
The connecting rod is 30-mm long and manufactured from 2-mm piano wire. Fig. 10 shows that the top is bent 90
• and fit through an Endura Nylon bushing in the excenter arm. At the bottom, a button is silver soldered to the connecting rod, which is bedded between the valve and an aluminum housing using rubber seats. The aluminum housing in turn is threaded onto the end of the valve. Both connections are modeled as pin connections. Friction in both connections is neglected.
The critical Euler load for the pin connected connecting rod in compression is 1800 N. To accelerate the 40-g valve with 2000 m/s 2 , a force of 80 N is expected, which is sufficiently smaller than the critical buckling load. Consequently, the connecting rod will essentially stay straight during any operating conditions. Then, the stiffness of the rod is due to normal loading of the piano wire and the rubber seat. Neglecting the rubber seat, the connecting rod and valve assembly have a natural frequency of 3700 Hz. This is not expected to interfere with the control action that has a bandwidth of 250 Hz. However, the rubber seat has a much lower stiffness than the connecting rod itself, and substantial oscillations are encountered during the valve travel (see Fig. 8 ). In a redesign, the connection to the valve needs to be stiffened.
